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ZnS-coated Ag hollow waveguides are newly proposed and fabricated to realize a durable and 
nontoxic waveguide for CO, laser light transmission. The fabrication method is based on 
rf-sputtering and electroplating techniques and a polyimide tube is used as a hollow mandrel. As 
a result of measurements, low-loss property of the ZnS-coated waveguide is shown and the beam 
profile with a sharp energy peak is obtained. The result of the aging test proves good durability 
of the ZnS-coatedAg waveguide. 
To realize flexible transmission of CO* laser light, sev- 
eral types of hollow waveguides made from metallic or 
dielectric materials have been proposed. lP3 Dielectric- 
coated metallic hollow waveguides are eminently suitable 
for delivering high-power (kW-class) CO, laser light.4 
Very-low-loss transmission has been realized by using a 
ZnSe coating whose refractive index is low (n-= 2.4) .5 As a 
result of further investigation of the ZnSe-coated wave- 
guide, however, two serious problems have arisen. One is 
aging of ZnSe. The transmission loss of the ZnSe-coated 
Ag waveguide increased after leaving in a non-air- 
conditioned room for 9 months because of oxidation of the 
inner coating.6 Another problem is toxicity of ZnSe. This 
could be a great problem when the waveguide is used in 
medical applications. To realize a durable and nontoxic 
waveguide, we propose and fabricate a ZnS-coated wave- 
guide. To our knowledge, ZnS has not ever been used as an 
inner coating of hollow waveguides. In this letter, we re- 
port attentuation spectra, bending losses, and output beam 
profiles of the waveguide. 
ZnS is insensitive to oxidation by moist air and its 
hardness and strength are roughly twice those of ZnSe.’ 
Therefore ZnS is used as a durable coating such as a pro- 
tective layer of ZnSe lens or windows.’ Furthermore, since 
ZnS is not soluble in alkali, it is not affected by the fabri- 
cation process of the waveguides where hydrazine hydrate 
or NaOH solution is employed to dissolve a polyimide or 
an aluminum mandrel.5 
The toxicity of ZnS is very low and it is widely used as 
a white pigment especially in the manufacture of children’s 
toys since it is not attacked by gastric juices.7 Therefore no 
problem will arise when the ZnS-coated waveguide is used 
in the body. Besides, since the refractive index of ZnS is 
lower (n = 2.22) than that of ZnSe,g further loss reduction 
can be made by coating it inside the waveguide.i’ 
The fabrication method of ZnS-coated Ag waveguides 
is described as follows. First, ZnS is deposited onto a poly- 
imide tube by a rf-sputtering technique. The sputtering 
conditions are 6X 10M3 Torr of Ar pressure and 200 W of 
rf power, which are the same as those for fabricating ZnSe- 
coated Ag waveguides. The thickness of ZnS is 0.7-0.8 
pm and the color of the film is yellow or yellow-green, 
which depends on the thickness. Next, Ag is deposited by 
a if-sputtering technique and a thick Ni layer is electro- 
plated on it. Finally, the hollow polyimide mandrel is dis- 
solved away by circulating hydrazine hydrate inside the 
tube. Waveguides with an inner diameter of 1 mm and 
length of 1 m are thus fabricated. The smallest radius of 
curvature we can obtain without fracturing the waveguides 
is less than 20 cm and only a slight force is necessary to 
bend it. 
Figure 1 shows the attenuation spectra of ZnS-coated 
Ag, ZnSe-coated Ag, and Ge-coated Ag waveguides ( 1 m 
length, 1 mm diam) for comparison. The waveguides are 
excited by an incoherent Gaussian beam whose divergence 
angle is 5” FWHM, which is much larger than that of laser 
light. The ZnS-coated Ag waveguide shows the lowest loss 
at 10.6 pm CO1 laser wavelength. The loss of the ZnS- 
coated waveguide is lower than that of the ZnSe-coated one 
though the refractive index difference between ZnSe and 
ZnS (2.40-2.22) is small. It seems that this is caused by 
the better characteristics of the ZnS film such as crystal- 
linity. Furthermore, ZnS-coated Ag waveguides of good 
quality are fabricated much more easily than ZnSe-coated 
ones. 
Figure 2 shows bending losses measured for the COz 
laser light. The first 20 cm of the waveguide is fixed to be 
straight and the remaining 80 cm is bent with a uniform 
radius R. The triangles and circles in the figure correspond 
to the loss for incident light polarized parallel and perpen- 
dicular to the bending plane, respectively. The straight 
waveguide loss of the ZnS-coated Ag waveguide is 0.3 dB/ 
m, which is lower than the loss of the ZnSe-coated one 
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FIG. 1. Attenuation spectra of Z&-coated Ag, ZnSe-coated Ag, and 
Ge-coated Ag waveguides. 
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FIG. 2. Bending losses of the Z&-coated Ag and Z&e-coated Ag 
waveguides with an inner diameter of 1 mm and length of 1 m. 0,. and 
A, A correspond to the losses for incident light whose polarization is 
perpendicular and parallel to the bending plane, respectively. 
(0.45 dB/m). Furthermore, the bending losses of the ZnS- 
coated Ag waveguide are much lower than those of the 
ZnSe-coated one whichever polarized light is transmitted; 
at the radius of 40 cm, the losses are reduced to 55% of 
those of the ZnSe-coated one. One should note that the 
losses are relatively high when the waveguides are bent 
gently. This is because the coupling loss at the input end is 
large and it dominates the total loss. In the sharp bending 
radii, the bending loss is dominant. 
Figure 3 shows output beam profiles of the ZnS-coated 
Ag waveguide measured at a distance of 15 mm from the 
output end of the waveguide. The beam patterns of the 
bent and straight waveguides are near Gaussian profiles 
and no extra peak appears. It is confirmed that the profile 
from the straight waveguide nearly coincides to that of the 
HE,i mode by the theoretical calculation based on the 
Kirchhoff-Huygens formula. The sharp beam profiles yield 
high energy density and enable a precise operation in med- 
ical and industrial applications. 
To see the durability of the ZnS-coated Ag waveguide, 
the loss spectrum is measured after the waveguide has been 
left in a non-air-conditioned room for 6 months. Since no 
change in the spectrum is observed, it is proved that the 
ZnS-coated Ag waveguide has good durability. Therefore it 
is not necessary to keep the waveguide in a dry atmosphere 
when not used as is necessary in Ge-coated and ZnSe- 
coated waveguides. 
In conclusion, a durable and nontoxic ZnS-coated Ag 
waveguide is newly fabricated. As a result of the measure- 
ment of transmission losses, the ZnS-coated waveguide 
shows low-loss property especially when the guide is bent. 
Beam profiles are also shown to be superior to those of 
ZnSe-coated waveguides.” Among the dielectric-coated 
waveguides we have fabricated so far (Ge, ZnSe, and ZnS- 
coated waveguides), the ZnS-coated waveguide has the 
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FIG. 3. Beam profiles of the ZnS-coated Ag waveguide; (a) straight and 
(b) bent waveguides with a bending radius of 40 cm. 
best property and it enables higher power transmission for 
metal machining and surgical applications. 
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